Ab initio embedded cluster calculations have been performed on Pr 3+ -doped Lu 2 O 3 , in order to investigate the mechanism responsible for the highly efficient 3 P 0 → 1 D 2 non-radiative relaxation experimentally observed. (PrO 6 ) 9− embedded clusters representing the C 2 and S 6 substitutional sites of Pr 3+ :Lu 2 O 3 have been studied using wave function based methods. It is found that an outwards relaxation of the first coordination sphere around the impurity takes place upon doping.
I. INTRODUCTION

Pr
3+ -doped ionic solids are a useful class of phosphors. The electronic structure of the ion can give rise to luminescence in the ultraviolet (UV), visible and infrared (IR) wavelength ranges. Some Pr 3+ -doped fluorides have been investigated as promising candidates for luminescence lamps due to the fact that they exhibit photon cascade emission 1 . Praseodymiumdoped oxides have been considered as potentials lasers in the visible and IR domains 2 .
Another important application is as phosphors in fast decay scintillators for X-ray computed tomography. For example, Gd 2 O 2 S:Pr has been used to that end. (decay time in the ms scale). 5, 6 As decay times much faster than the response times of the detector systems are required for scintillators, 3 phosphors which exhibit transitions only from the 3 P 0 are preferred for X-ray computed tomography. Following this line, experimental studies have been performed to gain a better understanding of these mechanisms in Pr 3+ -doped solids. Pr 3+ -doped rare earth sesquioxides, especially yttrium sesquioxide, form a family of compounds that have been studied in relation to their luminescence properties. 2,5-8 Depending on the crystal symmetry and substitution site, Pr 3+ -doped rare earth sesquioxides are found to emit preferentially from the 3 P 0 state (hexagonal phases, monoclinic phases with high coordination) or from the 1 D 2 state (monoclinic phases with low coordination, cubic phases).
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DeMello Donegá et al. 6 have studied the mechanisms that contribute to Pr
non-radiative relaxation in a large number of oxide hosts, including lutetium sesquioxide (Lu 2 O 3 ). Several mechanisms are taken into account in their study: The crystal structure of Lu 2 O 3 is of the rare earth sesquioxide C-type structure, the bixbyite structure, cubic with space group Ia3(T at the same distance. These perfect lattice data are summarized in Table I .
The ratio of C 2 to S 6 sites in 3:1. It is believed that, when an impurity substitutes for a lattice cation in cubic sesquioxides, it enters both crystallographic sites 5 and spectral features have been interpreted in the literature 5,6 assuming this, as commented below. Stanek et al.
have studied the site preference of trivalent dopant ions in bixbyite sesquioxides 23 , by atomicscale simulations using classic pair potentials, and they have found a marked preference for S 6 site substitution in Pr 3+ :Lu 2 O 3 . In this work we have studied both substitutional sites.
B. Details of the calculations
The local geometries around the Pr 3+ ion and the transition energies reported in this work have been calculated using embedded cluster wave function based methods. For this purpose, (PrO 6 ) 9− clusters were embedded in ab initio model potential (AIMP) 13 with experimental data are semiquantitative. As we show below, inclusion of spin-orbit effects should not alter the conclusions of this work. These calculations were performed using the program molcas. 34 All the model potentials (core and embedding) and basis sets used in this work are available from the authors.
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In a first step, the geometry of the clusters was optimized at the CASSCF level. The CAS space was chosen so that it comprises all configurations in which two electrons occupy the thirteen molecular orbitals of main character Pr 4f , Pr 5d and Pr 6s. In the case of the S 6 site, we performed the calculations using C i symmetry. We have calculated the vertical transition energies at the CASSCF 4f 2 and 4f 5d optimized geometries using the MS-CASPT2 method. A total of 58 electrons, which occupy the orbitals with main character Pr 5s, 5p, 4f , 5d and 6s (10 electrons) and O 2s, 2p (48 electrons), have been correlated. An imaginary shift 36 of 0.10 au. has been used in the calculations to ensure that no intruder states are present. Large and uniform weights of the reference wavefunctions (around 70 %) were found in the CASPT2 calculations. We will refer to these calculations as MS-CASPT2(O48,Pr10).
III. RESULTS
A. Local distortions
We present the optimized Pr-O distances for the lowest 4f 2 and 4f 5d spin triplet states both at the C 2 and S 6 sites in The 4f 5d manifold, both for the C 2 and S 6 sites, appear to be well above the 4f 2 states.
The 4f 2 -4f 5d energy gap is 13 500 cm −1 in the C 2 site and 9300 cm −1 in the S 6 site.
Relaxation of the geometry of the lowest spin triplet 4f 5d states does not modify this picture.
Relaxation energies are 450 cm −1 and 1050 cm −1 for the C 2 and S 6 sites, respectively.
The 4f 5d manifolds show different submanifold structure in the two sites due, basically, to the different crystal field splitting of the excited 5d electron. The centroids of the 4f 5d levels are at 52 670 cm −1 (C 2 ) and 52 600 cm −1 (S 6 ), and the difference between the lowest level and the centroids are 15 005 cm −1 (C 2 ) and 18 740 cm −1 (S 6 ). These data suggest that the ligand field effects are larger in the S 6 site.
The vertical transition energies presented in Table II do not include indirect effects of dynamic correlation through the optimized geometries, since the optimization has been done at the CASSCF level. As commented above, a systematic bond length shortening should be expected as a consequence of dynamic correlation effects. 41 An estimation of such indirect effect can be deduced by comparing the the transition energies evaluated at the perfect lattice geometry and at the 4f 2 ground state relaxed geometry for the C 2 site, since the bond lengths are shorter in the former structure. This comparison allows to conclude that the indirect effect of dynamic corrrelation are not significant and, more important for the objective of this work, do not alter the energy gaps between the 4f 2 and 4f 5d manifolds.
Spin-orbit coupling is also absent in the calculations of the vertical transition energies.
Yet, previous calculations on a very similar system like Ce 3+ -doped YAG 17 show that spinorbit effects decrease the 4f -5d energy gap by less than 550 cm −1 . Thus, spin-orbit coupling cannot be expected to reduce the calculated 4f 2 -4f 5d energy gap so as to locate the lowest 4f 5d states within the 4f 2 manifold.
IV. DISCUSSION
We discuss here the local distortion produced by the Pr 3+ impurity, the possibility of intersystem crossing through 4f 5d excited states, and some observed spectral features of Pr 3+ -doped Lu 2 O 3 using the results of Section III.
We focus first on the distortion of the Lu 2 O 3 lattice due to the Pr 3+ impurity. An inwards distortion due to strong Pr-O orbital mixing has been suggested, 6 in order to account for the spectral features of the material. The present calculations lead to an outwards distortion of the first coordination sphere which is smaller than suggested by the mismatch of ionic radii due to strong metal-ligand mixing.
This inwards distortion was invoked in relation to the extremely fast Pr
non-radiative relaxation found in the material. This relaxation has been suggested to be due to intersystem crossing through low-lying 4f 5d states. A configurational coordination diagram to account for the relaxation has been presented 6 where the 4f 5d minimum energy lies below the 3 P 0 level and above and close to the 1 D 2 level, which would provide a path
The present ab initio results show that the energy of the lowest 4f 5d states is well above all the 4f 2 (except the state related to 1 S-4f 2 , as we commented above) even after excited state relaxation is considered and they do not support intersystem crossing through 4f 5d states as the quenching mechanism. Other mechanisms should be investigated in order to explain the high non-radiative decay rate found in Ref. 6.
We will focus now on the different spectral features that have been reported in Ref. 6. As we commented above, the lack of spin-orbit effects in our calculations allows to make only semiquantitative comparisons with experimentally determined spectral features. This fact is more severe for f -f transitions than for f -d, as the former should be more influenced by spinorbit coupling. site. The highest lying 1 S multiplet is inmersed in the 4f 5d manifold in both sites. The lowest spin-triplet 4f 5d state should be metastable and emission from it should be expected under 4f 5d excitation. However, no such emission is experimentally observed. 6 Instead, identical emission is found under 3 P 0 excitation and under 4f 5d excitation.
6 Thus, some mechanism should exist in the material for efficient non-radiative 4f 5d
This mechanism is likely to be the same that provides a fast
V. CONCLUSIONS
We have performed ab initio model potential calculations of the electronic structure of (PrO 6 ) 9− embedded clusters that represent the C 2 and S 6 sites of Pr 3+ -doped lutetium sesquioxide. We have performed spin-free CASSCF optimizations of the geometry around the Pr 3+ impurity and, at the equilibrium geometries of the 4f 2 and 4f 5d lowest spin triplet states, we have performed MS-CASPT2 calculations of the vertical transition energies from the ground state to all the states coming from the 4f 2 , 4f 5d and 4f 6d manifolds, both for spin triplet and singlet. As a result of the geometry optimization, we find an outwards distor-tion of the first coordination shell around the impurity upon doping. The transition energy from the minimum of the lowest 4f 5d state is found to be well above the position of both 3 P 0 and 1 D 2 levels, (around 10,000 cm −1 ) strongly suggesting that intersystem crossing through this 4f 5d state is not the dominant mechanism for 3 P 0 → 1 D 2 non-radiative relaxation. The calculations also predict strong 4f 5d → 4f 2 luminescence under 4f 5d excitation. However, this luminescence is absent in the experimental results 6 , suggesting that some mechanism is quenching it, probably the same mechanism responsible for the 3 P 0 emission quenching.
Other quenching mechanisms have to be investigated to explain the fast non-radiative relaxation. In this line, calculations in order to investigate the virtual recharge mechanism 11, 12 and relaxation via intersystem crossing through trapped exciton states 9,10 are underway in our laboratory. Finally, the present calculations do support the interpretation of the 4f 5d
band maximum and shoulder found in the excitation spectrum 6 of Pr 3+ -doped Lu 2 O 3 as due to electronic transitions of Pr 3+ ions located at C 2 and S 6 sites, respectively. 
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